An increasing number of studies have documented phenotypic selection on life-history traits in human populations, but less is known of the heritability and genetic constraints that mediate the response to selection on life-history traits in humans. We collected pedigree data for four generations of preindustrial (1745-1900) Finns who lived in premodern fertility and mortality conditions, and by using a restricted maximum-likelihood animal-model framework, we estimated the heritability of and genetic correlations between a suite of life-history traits and two alternative measures of fitness. First, we demonstrate high heritability of key life-history traits (fecundity, interbirth interval, age at last reproduction, and adult longevity) and measures of fitness (individual and lifetime reproductive success) for females but not for males. This sex difference may have arisen because most of the measured traits are under physiological control of the female, such that a male's fitness in monogamous societies may depend mainly on the reproductive quality of his spouse. We found strong positive genetic correlations between female age at first reproduction and longevity, and between interbirth intervals and longevity, suggesting reduced life spans in females who either started to breed relatively early or who then bred frequently. Our results suggest that key female life-history traits in this premodern human population had high heritability and may have responded to natural selection. However genetic constraints between longevity and reproductive life-history traits may have constrained the evolution of life history and facilitated the maintenance of additive genetic variance in key life-history traits.
T he cultural and biological factors that determine human life-history evolution are of interest to scientists from several different fields of science. Evolutionary biologists and anthropologists are interested in revealing the importance of different life-history traits in affecting fitness and longevity and whether these traits are under natural selection. Many studies have reported phenotypic correlations between different life-history traits, longevity, and measures of fitness in humans, but the nature of such associations is often contradictory. For example, although some studies have shown negative effects of high total reproductive effort on postreproductive longevity (1) (2) (3) , most studies have found no association, or even positive correlations, between total reproductive effort and longevity (4) (5) (6) (7) (8) (9) (10) . Likewise, some studies have shown a negative relationship between age at first reproduction (AFR) and postreproductive mortality (1, 11) , whereas others found no evidence for such an association (6, 12, 13) . In a historical northern Finnish population, the most important component of female fitness (i.e., the phenotypic trait with the highest selection differential) was the number of delivered offspring, but women also gained higher fitness (larger total number of offspring raised to adulthood over lifetime) if they began reproducing earlier, had shorter interbirth intervals, and continued reproducing later (10) . Phenotypic covariation between female life-history traits indicated that interbirth intervals were independent both of ages at first and last reproduction, whereas women who started to reproduce early also ceased reproduction young (10) . Last, Strassmann and Gillespie (14) showed evidence for a nonlinear relationship between female fecundity and reproductive success in Dogon farmers of Mali because child mortality, rather than fecundity, was the primary determinant of female fitness in this population.
From an evolutionary point of view, these correlations are particularly interesting if they have a genetic basis, because natural selection can lead to an evolutionary response only when it acts on a heritable character. However, estimating the heritability of human life-history traits is problematic, because the effects of common environments shared by close relatives and cultural transmission can inflate estimates of heritability. Twin studies, in which identical twins are raised in different environments, are ideal for investigating such issues, but these kinds of data for humans are scarce. Consequently, little is known about whether the documented phenotypic selection on human lifehistory traits could lead to changes over time because of the lack of information on the heritability and genetic constraints of reproductive traits in natural-state human populations (15) .
An alternative approach to twin studies, which we adopt here, is to use a methodology that controls for common environment effects as much as possible and considers the similarity between pairs of individuals of various degrees of relatedness, for which shared environment may not be such a problem (16) . In this study, we applied restricted maximum-likelihood (REML) estimation and an ''animal model'' to estimate heritabilities and genetic correlations between female and male life-history traits. The advantage of this technique compared with more traditionally used parent-offspring and sibling regression analyses is that it simultaneously incorporates information from a variety of relationships of different degrees, such as offspring, parents, grandparents, full-siblings, and half-siblings, which makes it a more powerful method than the traditional approaches (17, 18) . REML analyses also have less strict assumptions about selection patterns or inbreeding and do not require balanced data sets, which makes them considerably more amenable to data from natural populations (17, 18) .
In this article, our aims were to (i) estimate the heritability of human life-history traits, (ii) examine genetic correlations between the life-history traits and different fitness measures, and (iii) compare the estimates obtained for male and female traits. We used pedigree data collected from genealogical records from preindustrial Finland. These records cover a historical era before the availability of advanced medical care or modern birthcontrol methods. We found that the key female life-history traits were highly heritable, allowing rapid evolutionary response to selection, but we also found considerable genetic constraints between reproductive traits and longevity.
Methods
Population Sample. We collected pedigrees of life-history data following four generations of preindustrial Finns by using a large genealogical database (Genealogia Sursilliana CD-2000 database, I. B. Voipio, personal communication) (19) . Our data set includes 194 base individuals from the following four different parishes: Oulu, Kokkola, and Kaarlela in western Finland, and Kuusamo in eastern Finland. Base individuals (for whom parents were not known) were born in 1745-1765, and the data set includes all of their descendants to the great-grandchildren level as well as spouses of all married individuals, giving a total of 5,018 individuals with latest birth date of 1903. Complete individual life histories (birth, death, and all reproductive events) were recorded for three generations (a total of 1,894 individuals, of which 904 are female). Of the 904 females with complete life histories, 353 survived to adulthood and reproduction, and these females were included in the analyses. Of the 985 men, 361 survived to reproduction and, thus, were included in the analyses. Because the fate of some children was not known, sample size for lifetime reproductive success (measured as the number of children raised to adulthood, i.e., 15 years of age) is smaller than the sample size for fecundity. For the fourth generation, only lifespan (but not reproductive history) was recorded.
The data set includes known paternities for all individuals, based on the assumption that the male in a household was the genetic father of his wife's children. We expect incidences of extra-pair paternities to be relatively low in the study population, but even if extra-pair paternities had been common, this error should be conservative because, in that case, heritabilities would be underestimated. In the study period from 1745 to the late 19th century, industrialization had not yet begun in Finland, and fertility and mortality rates were high before the introduction of effective contraception or modern medical care (20) . The genealogical database that was used to acquire these data includes a relatively high proportion of individuals from wealthier social classes (19) . Even though wealthier people suffered from the same causes of child mortality as others and the differences between social classes in general were small in Finland compared with many other countries, child mortality in the wealthier social classes was slightly lower (21) . Unfortunately, we have no knowledge of wealth or social class of each of the study families; this would have helped to explain further environmentally caused variation between the families. Because practically all Finns of that time practiced the Lutheran religion, differences caused by religion were absent (22) .
Life-History Traits. For all of the studied life-history traits, except for adult lifespan, only individuals who reproduced at all (i.e., gave birth to at least one child) were included in the analyses. Historical data always includes incomplete records, which may introduce censoring bias. For example, records for women with many children are more likely to include a missing record for one child by chance and, thus, may be omitted from the analysis for reproductive success and fitness; in other words, the larger the family, the higher the likelihood that complete follow-up of the whole family will fail. Therefore, we calculated estimates of trait values both by using the highest possible number of individuals (pairwise omission of cases with missing values) and the minimum number of individuals (listwise omission of cases with missing values). We report both estimates in cases in which these estimates differ by Ͼ5%, and we use the highest possible number of individuals in all other analyses.
The studied measures of fitness and life-history traits were defined as follows.
Lifetime reproductive success (LRS). LRS was measured as the total number of children produced in a lifetime that survived to adolescence (here, to 15 years of age).
Individual (calculated according to the method of McGraw and Caswell, ref. 23).
This measure considers at the same time both the timing of reproduction and the number of children raised to adulthood (15 years of age). LRS and may rank individuals differently according to their fitness, because children produced at early ages contribute more to the fitness than children produced at later ages. Rate-sensitive allows for more accurate estimation of individual fitness in humans, even though overall reproductive success explains Ͼ90% of the variation in (24) . The value of was calculated with MATLAB software (Mathworks, Natick, MA) by using a program written by J.J. (available by request). Fecundity. This trait was calculated as the number of children produced in a lifetime. AFR. This trait was calculated as the age in years when a woman gave birth to her first child or a man fathered his first child.
Mean interbirth interval (MIBI).
This trait was calculated as the average time in months between successive births. This trait was calculated only for women. Offspring survival. Survival of children to adulthood was calculated as LRS͞fecundity. Age at last reproduction (ALR). This trait was defined as the age in years when a woman gave birth to her last child. Only individuals who survived at least to 45 years of age and were not widowed before then were included into the analyses to consider only women who were potentially reproducing. ALR was calculated only for females, because the ALR of men depends heavily on the age of the wife (25) . Adult longevity. Age in years at death of individuals that survived past 15 years of age (including nonreproducing individuals) was included in the analyses. Longevity was known for the fourth generation and for most of the spouses of individuals in the data set, so we were able to use a more extensive pedigree and have a larger sample size for analysis of the heritability of longevity than for the other life-history traits. Table 1 gives a summary of the sample sizes and mean values for the studied life-history traits and measures of fitness (described above) in our study population.
Heritabilities and Coefficients of Variation.
Variance components and heritability values were estimated by using a multivariate restricted maximum-likelihood mixed-model procedure (VCE; ref. 26) . The form of mixed model that we used here is known as an animal model in which a phenotype of each individual animal (here, a person) was broken down into its components of additive genetic value and other random and fixed effects as follows:
where y is a vector of phenotypic values; b is a vector of fixed effects; a is a vector of random effects of the additive genetic merit (or breeding value) of each individual; u is a vector containing other random effects to be included in the model (discussed below); e is a vector of residual values; and X, Z 1 , and Z 2 are design matrices relating a given phenotypic observation to its corresponding fixed or random effects (17) . Design (or incidence) matrices are simply matrices of 0s and 1s that are constructed to link each phenotypic observation on an individual with the necessary fixed and random effects in the model. Their use is standard in linear models of many forms, for example, in mixed models such as the animal model used here (see ref. 17 , p. 746). The variance-covariance structure for the additive genetic effects a is determined by the pedigree of the population, and the residual terms e are assumed to be normally distributed. Therefore, the model exploits the covariance between pairs of relatives of all types of relatedness, making optimal use of the data available in complex, multigenerational pedigrees (17) . The software package VCE (26) then estimates variance components for the random effects by using a restricted maximum-likelihood procedure. Although the traits used in this analysis showed some departure from a normal distribution, the restricted maximumlikelihood estimation procedure that is used is fairly robust to departures from normality; deviations may affect optimality properties, but estimates remain unbiased (17, 27) . One advantage of this technique is the possibility to fit fixed and random effects to explain environmental variation. For example, by including mother's identity as a random factor in our analyses, it is possible for us to model maternal effects in the form of covariance between offspring of the same mother, in addition to that due to genetic effects (refs. 17, pp. 767-774, and 18). Hence, for all traits maternal identity was fitted as a random effect, to prevent shared maternal environment being mistaken for shared genetic effects. Paternal identity was also fitted as a random effect, but because it did not explain a significance proportion of variation when maternal identity had been included in the model, and because in most of the cases siblings were full siblings sharing the same mother and father, we present here only estimates from models with maternal identity as a random effect. Birth parish of a base individual was fitted as a fixed effect for all of the traits to take into account differences in lifestyle and life history between parishes. Birth cohorts of 20 years were also fitted as a multilevel fixed effect for all traits to incorporate temporal variation across the study period. Birth order of individuals was also considered, but because it did not significantly explain any variation in any of the traits, it was left out from the final models. All analyses were performed separately for males and females.
Therefore, by using the animal model, we can partition the total phenotypic variance (V P ) into the following three components:
where V A is the additive genetic variance, V M is the maternal effect variance, and V R is residual variance, which will include environmental effects not incorporated in the maternal effects, nonadditive genetic effects (dominance and epistatic), and error variance (16) . The narrow-sense heritability (16) is defined as follows by the ratio of additive genetic variance to the total phenotypic variance: h 2 ϭ V A ͞V P . Maternal effects were quantified in a similar manner as follows: m ϭ V M ͞V P . Significance of heritabilities and maternal effects were determined by t tests.
It is argued sometimes that heritabilities may not provide a good means of comparing genetic variation between traits or populations (17, 28) , especially where levels of environmental variation differ between traits (29) . Therefore, we also estimated the coefficient of additive genetic variance CV A , for which the variance component was scaled by the trait mean (X) rather than total variance: CV A ϭ 100 ϫ ͌V A ͞X. Coefficients of residual variance and maternal effects were calculated similarly.
Genetic Correlations Between Traits. Genetic correlations were estimated by specifying a multivariate version of the animal model (outlined explicitly in ref. 17 , p. 775). For two traits, the genetic covariance between them is estimated from the comparison of phenotypic covariance in the traits expressed in relatives of differing degrees (i.e., Y in mother and X in daughter; and Y in father and X in brother, etc.), in exactly the same way as the genetic variance is estimated from the covariance between relatives in the same trait. Restricted maximumlikelihood analyses are not affected by unbalanced data sets (which is one of the reasons why they are so widely used), so the different sample sizes for different traits does not affect the analysis; the model simply uses information from all available relationships. The additive genetic correlations between traits were estimated with the same analysis package as described above.
Life-history traits are often correlated; for example, LRS and are composite measures, and AFR and longevity are their components. We calculated additive genetic correlations be- Sample sizes are trait-specific because not all individuals in the data set have complete records. To assess the magnitude of censoring bias, we calculated two estimates for each trait. We primarily report estimates calculated by using all available individuals (pairwise omission of missing values). We also calculated censored estimates based on those individuals for which we had complete records for calculation of (listwise omission of missing values). We report the censored estimates if the difference in trait means was Ͼ5%. We also report censored estimates of heritability if they are not within the confidence intervals of estimate based on all available individuals. N, sample size; V A, additive genetic variance); VM, maternal-effect variance; VR, residual variance; h 2 , heritabilities; m, maternal effects; CV A, coefficient of additive genetic variances; CVM, coefficient of maternal effects; CVR, coefficient of residual variance. * , P Ͻ 0.05; ** , P Ͻ 0.01.
tween traits that we considered to be biologically meaningful (i.e., excluding correlations between composite measures and their components: AFR-longevity, ALR-longevity, AFR-ALR, MIBI-longevity, AFR-MIBI, and ALR-MIBI).
Results

Heritabilities and Coefficients of Variance. Female traits. The heritability estimates (h
2 ) for all of the measured traits of females were significantly different from zero, with the exception of AFR and child survival, indicating the existence of additive genetic variation in these traits ( Table 1 ). The significant heritability estimates for the different life-history traits ranged from 0.18 for adult longevity to 0.42 for ALR. We also detected significant heritability for our estimates of lifetime fitness; LRS had a heritability of 0.47 and of 0.76. AFR was the only trait that had a significant maternal effect (m) of 0.46, indicating that although additive genetic variation in this trait was too small to be statistically significant, the maternal environment affected AFR. Values of coefficients of additive, maternal, and residual variances ranged from 4.45 for AFR to 54.83 for lifetime-reproductive success (Table 1 ). In general, coefficients of additive genetic variances corresponded with the heritabilities; traits having relatively large estimates of heritability showed also the largest estimates of CV A values. However, ALR had a high heritability (0.42) but a relatively low CV A value.
Comparison of the censored sample, including only individuals for whom it was possible to estimate fitness, to that of all individuals, suggests that fitness was underestimated because of censoring bias (Table 1) . Individuals in the censored sample had lower average fecundity and shorter birth interval than individuals in the larger sample ( Table 1 ). The heritability estimate for fecundity was higher for the censored sample, suggesting that estimates of heritability may be biased upwards in the censored data set. An estimate for ALR using the censored sample could not be calculated, because of problems in model convergence. However, the heritability estimates for fitness and lifetime reproductive success still remain high even if they include some censoring bias. Male traits. In contrast to females, adult longevity was the only life-history trait of males that had significant heritable variation (Table 1) . Male longevity had a small, but significant, estimate of maternal effect of 0.08, and had a significant estimate of maternal effect of 0.47. There was no detectable significant additive genetic variation in any of the other life-history traits and measures of fitness in males, and CV A values corresponded to the heritability values (Table 1) .
Correlations Between Traits. We calculated additive genetic correlations only for female traits, because male traits (except for adult lifespan) did not have additive genetic variance, and thus, genetic correlations would not be meaningful. There was a significant positive genetic correlation between female AFR and longevity (Table 2) . This correlation suggests a genetic tradeoff between reproducing at young age and longevity, indicating that senescence rate may be higher when starting reproduction early. The genetic correlation between mean-birth interval and longevity was significantly positive. Therefore, shorter interbirth intervals would also be associated with shorter lifespan, suggesting another genetic tradeoff. ALR was nearly significantly negatively correlated with mean birth intervals, possibly suggesting that long interbirth intervals are also associated with earlier age of finishing reproduction. These genetic correlations remained qualitatively similar when the analysis was restricted to censored sample (data not shown). Other additive genetic correlations between traits were insignificant ( Table 2) .
Discussion
We found significant heritability of female life-history traits in a human population living under premodern conditions. The evolution of human life-history traits by natural selection has been a controversial topic because of the substantial cultural components in human life-history trait expression. Earlier studies have revealed phenotypic selection on key life-history traits (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , but studies rarely have been able to comment on the genetic basis of those traits (for exceptions, see refs. 15 and 30). Our results suggest that important human life-history traits contained significant additive genetic variation and, therefore, would have been able to evolve by natural selection. However, some of the key traits were also involved in genetic tradeoffs in the form of antagonistic genetic correlations. Such tradeoffs may have constrained any responses to selection and can also play a fundamental role in the maintenance of additive genetic variation in traits under selection (31, 32) .
Studies of wild animal populations have also reported significant heritabilities of life-history traits (29, 33, 34) , but our estimates are relatively high compared with those from animal populations in natural environments. There are several possible explanations for this difference. First, estimates of heritability may be confounded by the magnitude of residual variance (17, 28) , with the high heritability estimated here for a rural preindustrial human population being due to relatively low environmental and residual variation compared with wild animal populations. Indeed, low heritabilities of fitness-related traits are often explained by high environmental variation that would obscure underlying additive genetic variation (28, 35) . However, coefficients of additive genetic variance (which are not affected by levels of residual variance) of the measured traits were also high, with good correspondence between values of CV A and heritabilities: traits with the highest values of h 2 generally also had the highest values of CV A . Second, in human studies, the inflation or confounding of heritability estimates due to cultural transmission within families must also be considered. In this study, we hoped to overcome this problem at least partly by taking into account effects of the common environment (by fitting mother's identity in the model to estimate variance between mothers) and by using all possible relationships available in the pedigree, across multiple generations in the animalmodel framework analyses. We cannot rule out the possibility that our estimates of heritability may also be affected by some cultural effects within families that we were not able to separate from additive genetic variation. Nevertheless, this study is, to our knowledge, the first attempt to use an animal model (rather than less efficient analyses such as parent-offspring regressions) to estimate quantitative genetics parameters of human life-history traits and fitness.
All of our measures of fitness (, fecundity, and lifetimereproductive success) had high heritabilities in females (0.76, 0.31, and 0.47, respectively), which compare well with heritability estimates in humans for fecundity from other studies (e.g., parent-offspring regression estimates ranging from 0 to 0. 40; ref. 30) . Censoring bias may have affected these estimates differ- ently, but the estimates calculated for the censored sample (Table 1) should be directly comparable (0.76, 0.53, and 0.47, respectively, for fitness, fecundity, and LRS). It has been suggested that higher additive genetic variance of fitness traits compared with other life-history traits could result from fitness being a composite character (35) . Additive genetic variance in fitness is likely to be affected by additive genetic variance in components of fitness; morphological, physiological, behavioral, and life-history traits will all contribute to additive genetic variation in fitness. This explanation is appealing, recognizing that is composed of more traits (and, hence presumably, loci) than LRS and fecundity. An additional factor that can maintain additive genetic variance in traits under strong selection is the existence of antagonistic additive genetic correlations, or antagonistic pleiotropy (16, 36) . Although these are often expected for fitness components, reviews from animal studies show that empirical evidence for negative genetic correlations is generally rare (18, 36) . However, here we found significant genetic tradeoffs between key female life-history traits, specifically longevity and AFR, and longevity and MIBI. Their existence implies that females who start to breed relatively late, or who have longer interbirth intervals, will have relatively longer lifespans, supporting the hypothesis that the rate of reproduction should trade off with longevity (37) (38) (39) . These tradeoffs may have had important implications for the evolution of human life history, because human females may gain fitness benefits by outliving their own reproductive capacity by improving the reproductive success of their offspring and the survival of their grand offspring (40, 41) . Such positive fitness effects of postreproductive survival would intensify the selection for genes increasing longevity, but our results suggest the existence of constraints on any response to such selection imposed by countervailing selection favouring early or frequent breeding. Therefore, antagonistic correlations could serve to maintain the significant additive genetic variance observed for longevity.
Among females, the two exceptions to the general pattern of high heritability were offspring survival and AFR. The mortality of children in our study population was relatively high, with Ϸ30% of children in this sample dying before the age of 15 years. The most common causes of death among children in Finland at the time were infectious diseases, such as smallpox, measles, typhus, and pulmonary tuberculosis (42) . Therefore, because there are several disease-related causes of mortality, we might not necessarily expect a significant additive genetic component in offspring survival. Instead, epistatic genetic interactions are more likely to be involved in resistance to diseases (43) , and thus, genes inherited both from mother and father may be important. AFR also did not have a significant amount of additive genetic variance in our study population in contrast to modern Australian women, whose AFR has a significant heritability of 0.21 and also significant shared environmental effects of 0.18 (15) . Variation in AFR in females is unlikely to ref lect the age at maturation, which usually occurs at Ϸ12-16 years of age (44) , as indicated by the high average AFR in these women (Table 1) . Rather, it is likely that in populations living in harsh environmental conditions with limited resources, such as the subjects of our study in preindustrial Finland, AFR was heavily inf luenced by family effects, such as wealth, which we detected as a significant maternal effect for females. Also, note that, in contrast to AFR, ALR in females had a high heritability of 0.42, which is close to the value of heritability of 0.44 for age at menopause in a contemporary human population, which had small but significant shared environmental effects (15) . However, in contrast to some studies reporting positive phenotypic correlations between ALR and longevity in humans (8, 10, 11, 45), we did not find any significant genetic correlation between these two traits.
Last, one of the striking differences between males and females revealed in our study was the high heritability of life-history traits and fitness in female traits compared with male traits. To our knowledge, no other study has attempted to estimate heritabilities for male fitness or life-history traits, such as age at first and last reproduction, in humans. This lack of significant heritability estimates for males is unlikely to be caused by possible misassigned paternity in the pedigrees used in this study, for the estimates of heritabilities of male and female traits were made by using the same pedigrees: i.e., paternity information contributed to the analysis of female traits as much as to males (so that, for example, the analysis could use the covariance between paternal half-sisters, or between a female and her paternal grandmother, and so on). If extra-marital relationships were introducing error into the pedigrees, this would have lowered heritabilities for the female traits as well as for the male traits. Instead, the lack of significant estimates of heritability of fitness and life-history traits in males (with the exception of adult longevity) might be due to the fact that in monogamous societies such as our study population, reproductive traits depend heavily on female quality and are physiologically under female control (men do not give birth or produce milk to feed offspring). Therefore, there may be little phenotypic covariance between male relatives. It is plausible that our data have excluded traits that were important for male fitness, such as the ability to attract a young and fertile partner by ensuring economic resources (25) , and other studies have shown that certain male physical attributes, such as body height, which correlate with attractiveness to females and with reproductive success (46, 47) , have significant heritabilities in modern human populations (48) . However, the results presented here imply that, at least for this population, such effects do not necessarily translate into heritability of reproductive success.
In conclusion, we found relatively high heritabilities of fitness measures and fitness-related life-history traits in this preindustrial human population, even though life-history traits (or any fitness-correlated traits) are generally expected to have low additive genetic variance (16, 30) . How this additive variance is maintained in the population is outside of the scope of our study (see refs. 49 and 50 for review), but one reason could be antagonistic pleiotropy arising from negative genetic correlations. The genetic tradeoffs between longevity and mean birth intervals and AFR that we detected provide compelling support for this hypothesis. These correlations are also interesting because they suggest some underlying genetic mechanism affecting age of first reproduction and longevity and another mechanism affecting rate of reproduction and longevity. The relatively large additive genetic variance and genetic constraints between key life-history traits that we found in this human population suggest that human life history has had the potential to evolve by optimizing natural selection, as classical life-history theory predicts. The significance of the maternal effects for female AFR and male fitness further emphasize that social aspects, like wealth of the family, also play an important role in human life-history evolution. Future studies could attempt to show how phenotypic selection on life-history traits translates into genetic response to selection in human populations.
